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ABSTRACT 
 Studying animal coloration is a notoriously difficult task as animals differ in their visual 
system properties (number of cone cells, spectral sensitivities of cone cells, filtering properties of 
ocular media, etc.) and thus may perceive and respond to stimuli differently than we do. These 
observations have led some to propose that human vision and the anthropocentric expressions of 
coloration based on our vision can never be used to detect variation in animal coloration. Yet this 
assertion is at odds with a long history of studying animal coloration in ecological, evolutionary, 
and behavioral frameworks. Cryptic coloration, male secondary sex traits, and mimicry patterns 
have been the subject of many fruitful research programs that have, until recently, relied on 
human perception of animal coloration. This suggests that human vision does well in detecting 
relevant animal coloration in nature, at least in some cases. Here, we attempt to reconcile these 
two opposing views. We tackle this issue by intentionally employing methodology that is heavily 
biased by human subjectivity and compare this to objective measures of coloration. Specifically, 
we used the reflectance spectra of the field guides and the RGB values from digital photography 
of birds as our anthropocentric representations of coloration. 
 Images from field guides are potentially haunted by human bias as the bird coloration is 
(a) perceived by the human visual system, (b) painted to resemble a given bird, and then (c) 
printed in a guide using black, cyan, yellow, and magenta inks. Similar issues arise with digital 
photography as the total number of colors that can be recorded (the gamut) does not always 
account for all the colors a human could see and the resulting data is reduced down to only three 
data points per color: an R, G, and B value. 
 In our first analysis, we compare the reflectance spectra of plumage elements for birds 
from museums with the corresponding spectra of plumage elements from a field guide. We also 
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compare the actual bird reflectance spectra with RGB values from digital photographs of actual 
birds. We measured multiple plumage elements across 14 bird species. For sexually dimorphic 
species, we discerned between males and females. This resulted in 73 unique combinations of 
species, sex, and color element. The reflectance spectra from the field guides were drastically 
different from the actual birds, and this discrepancy was greatest for blue color elements. Yet 
despite this drastic variation in reflectance spectra, all three data sets (actual reflectance, field 
guide reflectance, and actual RGB values) captured the major components of variation in animal 
coloration as indicated by principal components analyses (PCAs). All three PCAs indicated 
similar data structure (i.e., similar amounts of variation in PC 1-3) with similar PC loadings. 
From this analysis, we conclude that human vision is capable of detecting the major sources of 
variation in animal coloration in the visible range (380nm to 700nm). Of course, humans cannot 
detect relevant variation in UV reflectance (as indicated by our data) nor can they detect 
polarized visual signals. Still, humans can generally rely on their visual systems to detect 
variation in color patterns that serve as the fodder for subsequent studies in ecology, evolution, 
behavior, and visual ecology. 
 In our second analysis, we use avian and human visual detection models to determine 
how biased field guide images are toward the human visual system. The expectation is that the 
reflectance spectra from the field guide will differ from the original but will still stimulate human 
cone cells in a manner that creates the same approximate appearance to the human visual system. 
It is also expected that the filtering should create a large, more noticeable difference to non-
human animals whose visual system properties differ from that of humans. In this analysis, we 
test these predictions by comparing the above mentioned reflectance spectra of the plumage of 
actual birds to the corresponding field guide images within visual detection models developed 
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for birds and for humans. For each visual system, we compared the just-noticeable differences 
(JNDs) between corresponding spectra from the actual birds and field guide representations. To 
our surprise, we found that the JNDs were larger for the human visual system than for the bird 
visual systems. We discuss the possible mechanisms creating this pattern.  
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To Lily: may your life be bright and colorful 
and 
To all of those who still include the I in ROY G BIV: keep believing in indigo  
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CHAPTER 1 – INTRODUCTION 
 From a human perspective, color is universal. Tomes of culture and symbolism have built 
up around it. In storytelling, a “world without color” is shorthand for a world lacking of life, 
vigor, and freedom; we may feel blue, be green with envy, or see red; a morbid sense of humor 
is dark; one may see the light or be enlightened when they learn a truth; colors can be warm or 
cool although hotter objects produce cooler colors (e.g. gas flames). Color is inescapable and, 
not surprisingly, the study of human color perception has excelled. The study of color in a 
biological context, however, has been fraught with error due to the intricacies of the systems 
involved and our difficulty in separating ourselves from our perception. 
 One-hundred-and-fifty years ago, when Charles Darwin (1859) suggested that flashy 
avian coloration was a product of sexual selection, human vision was considered the pinnacle of 
vision and a suitable proxy for all vision systems (Bennett et al., 1994). Even into the early 20th 
century, scientists based theories off the presumption that birds and bees shared similar 
perceptual abilities to humans (Dane, 1907); this misconception still abounds in the general 
public. By not considering that different animals can see more or fewer colors than humans, we 
chance misinterpreting their color preferences and behavioral responses.  
 One problem with quantifying animal perceptions of color patterns is that animals differ 
in both their visual system properties and the environments under which they perceive color 
patterns. Birds, with their four cone color vision systems, can see ultraviolet (UV) wavelengths 
which gives them a channel of communication (both for sex and species discrimination) that is 
inaccessible to us (Cummings et al., 2003). With twelve color photoreceptor classes, it might be 
expected that mantis shrimp have amazingly acute color discrimination abilities, but recent 
research suggests that instead of using their excess of photoreceptor classes to finely discriminate 
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the minutest differences in a scene, they use very course comparisons at a very low level of 
visual processing to make rapid decisions based on color (Thoen et al., 2014). And that is not to 
mention their ability to see both linearly and circularly polarized light (Marshall et al., 2007).  
 Even organisms that have a similar number of photoreceptor classes to humans can have 
very different perceptions of the world. Bees, for instance, have three color receptor types, but 
they are all blue-shifted compared to ours, and thus they are insensitive to red light but can see 
into the UV (Menzel, 1979). Even two cone systems can hold surprises. Reindeer, with a simple 
two cone system, have been shown to be able to see into the UV thanks to a cornea that does not 
filter out UV wavelengths like our own does (Hogg et al., 2011). This is thought to help reindeer 
notice lichen on a background of highly UV reflective snow. 
 Not only do visual properties vary among species, but they also vary within species. This 
natural variation in color sensitivity is best documented within humans (Neitz & Jacobs, 1986). 
Studies using color scoring cards have illustrated that people rarely come to a consensus on a 
color score even when judging the same object under the same conditions (Stevens & Cuthill, 
2005). This variation has implications for our ability to accurately measure animal color patterns. 
Ridgway (1912) and Munsell (1976) recognized the need for standardized color nomenclature 
and color standards with consistent perceptual steps and thus created systems to fill these holes. 
But while they did further the field by creating color standards, they are not the best options 
when looking for high quality, quantitative results. With the addition of the fickle nature of 
language, written descriptions are even more subjective and anthropocentric.  
 Today, the accepted standards for measuring animal perception of color patterns involves 
using visual detection models. These models involve combining environmental lighting spectra 
and reflectance spectra (collected using spectrophotometry) with physiological measures of the 
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visual system (Endler, 1990; Vorobyev & Osorio, 1998). These models have the advantage of 
possibly being informative concerning chromatic (i.e. color) and achromatic (i.e. brightness) 
contrasts. However, the use of these models requires a rigorous understanding of the physics of 
light (Johnsen, 2012) and can often seem inaccessible or unnecessary to many researchers who 
simply want to document the presence of color pattern variation among animals and the 
biological correlates of coloration. Recently there has been a move to use digital photography for 
studies that simply want to measure variation in coloration and its biological correlates.  
 Digital photography has great potential as a tool for studying color and vision, as it is 
generally less expensive than other methods, feels familiar to researchers of all levels, and 
produces data covering a larger spatial range, allowing for studying pattern in less time than 
spectrophotometry. But digital cameras are designed to create aesthetically pleasing images for 
humans; in doing so, they over-represent certain colors, filter out potentially biologically relevant 
UV and near-infrared light, and have the potential to display nonlinear responses to changes in 
lighting intensity, which complicates comparing colors even within the same image (Stevens et 
al., 2007). In addition to inconsistencies with the sensor, the image format can cause 
complications. The JPEG (Joint Photographic Experts Group) file format compresses data, which 
increases errors in the RGB values. Many common color space standards used by cameras to 
save images (e.g. sRGB) do not cover the full gamut of human vision. Moreover, there is 
variation in sensitivity between cameras, even within the same models.  
 There are effective methods for correcting these problems (Stevens et al., 2007; Pike, 
2011; MacKay, 2013), however these methods can be costly and are often confusing to biologists 
without a strong basis in color theory who nonetheless need to quantify color. These methods 
also do not address the biological relevance of digital photography. Instead, they are simply 
4 
objective measures of color. Many projects using digital photography do not properly adjust 
camera outputs, rendering the data incomparable with other experiments at best, and of 
questionable validity at worst. 
 When used properly, spectrophotometry, digital photography, and visual modeling are 
powerful research tools, but for many biological systems, the required visual properties are 
unknown, and many studies still rely on human-based representations of coloration. For instance, 
it is common to use field guide images or digital images as examples of animals’ colors and 
color patterns (Berv & Prum, 2014; Caro et al., 2012; Chen et al., 2012; Chen et al., 2013; 
Dolman & Stuart-Fox, 2010; Stuart-Fox & Ord, 2004; Stuart-Fox & Owens, 2003; Stuart-Fox et 
al., 2004; Östman & Stuart-Fox, 2011), even though those images are inherently biased toward 
the human visual system and may not provide information that is relevant to what the animal 
might perceive. These anthropocentric methods of measuring color may be no more relevant than 
using the human eye per se. 
 The goal of my thesis is to determine the extent to which human assessment of animal 
coloration misrepresents the ‘real’ coloration of animals. To be clear, human vision cannot be 
used to assess reflectance in the ultra-violet region (wavelengths less than 380nm) nor the infra-
red region (wavelengths greater than 700 nm) where humans lack visual sensitivity. Similarly, 
human vision cannot be used to assess polarized signals. Rather, I pose the question of whether 
human vision can detect most of the relevant variation in animal coloration in the visible range 
(380-700 nm). Stated from a more pessimistic vantage point, I ask ‘how bad is it’ relying on 
human vision to detect relevant variation in color patterns.  
 There are many reasons to suspect that reliance upon human vision and artistic renderings 
of color will likely misrepresent animal coloration. Yet, artistic renderings in field guides have 
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long been popular methods for describing the color patterns of birds and other organisms and 
have lately been used for comparative studies of animal coloration (Berv & Prum, 2014; Caro et 
al., 2012; Chen et al., 2013). However, the field guide images have multiple layers of 
anthropocentric filtering, which complicates their use. First, the artist perceives the animal with 
all the bias human vision entails. The artist then uses paints – designed for human viewers – 
which limits the gamut (total number of colors expressible using a certain system) of the image. 
Finally, the images are printed using processes that only use three color pigments (and black 
ink), further limiting the gamut to an anthropocentric range. The expectation is that artistic 
renderings of birds do a poor job of capturing variation in real color patterns. Again, I ask the 
question ‘how bad is it?’  
 To do this, I compare reflectance spectra (measured with spectrophotometry) and RGB 
data (measured with digital photography) from real birds from a museum collection with 
reflectance spectra measured from field guides. Preserved bird specimens were chosen for this 
research because of their wide range of colors and mechanisms for forming those colors (i.e. 
various pigments and structural colors), the longevity and stability of their color, and the large 
availability of collections (Doucet & Hill, 2009). In chapter 2, I compare the reflectance spectra 
and RGB values directly with principal components analysis. This analysis simply compares the 
data sets and makes no assumptions about the visual system properties of the receivers. In 
chapter 3, I utilize visual detection models to ask whether the differences in reflectance spectra 
between ‘actual’ birds and field guides are more noticeable to humans or to birds.  
 Chapter 2 shows that the reflectance spectra from the field guide were drastically 
different from the actual birds, and this discrepancy was greatest for blue color elements. Yet 
despite this drastic variation in reflectance spectra, all three data sets (actual reflectance, field 
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guide reflectance, and actual RGB values) captured the major components of variation in animal 
coloration as indicated by principal components analyses. All three analyses indicated similar 
data structure as indicated by principal components (PC) analyses (i.e., similar amounts of 
variation in PCs 1-3 with similar PC loadings). From these analyses, I conclude that human 
vision is capable of detecting the major sources of variation in animal coloration in the visible 
range (380-700 nm). Of course, humans cannot detect relevant variation in UV reflectance (as 
verified by my data) nor polarized visual signals. Still, humans can generally rely on their visual 
systems to detect variation in color patterns that serve as the fodder for subsequent studies in 
ecology, evolution, behavior, and visual ecology. 
 In chapter 3, I asked whether the differences in reflectance spectra found in chapter 2 
between field guides and actual birds produced meaningful differences in color perception to 
birds and humans. To do this, I compared the spectra of the actual birds and the field guide 
images using a model that simulates bird vision and model that simulates human vision. The 
expectation is that the two reflectance spectra would appear more similar to humans than it 
would to birds. The reason for this is that the field guide reflectance spectra have been repeatedly 
filtered/altered via human subjectivity (i.e. human vision, paint inks, printing inks, etc.). Yet, the 
analysis indicated the opposite: the human visual model typically indicated greater perceptual 
differences between the field guide and the actual bird reflectance spectra than did the bird visual 
model. These results were robust to whether the color elements were blue, yellow, or red.  
 The take-home message of my thesis is that the caricature that ‘human vision is 
fundamentally flawed for measuring animal coloration’ is a bit misplaced. Humans can detect the 
majority of variation in animal coloration in the visible range. Of course, humans cannot rely on 
their visual systems to detect UV, infra-red, or polarized light, nor may they use their own visual 
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systems to determine how non-human animals would perceive a given color pattern. Advanced 
visual detection models are needed for these tasks. These are complex problems. However, we 
can rely on our visual systems to detect variation in animal coloration in the visible range. The 
use of RGB data from digital photography is also valuable as it allows for a more quantitative 
estimate of animal coloration.  
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CHAPTER 2 – USING ANTHROPOCENTRIC MEANS TO DETECT COLOR 
VARIATION IN THE VISIBLE RANGE: DO WE SEE IT ALL?  
ABSTRACT 
 Measuring animal coloration is a notoriously difficult task as animals differ in their visual 
system properties (number of cone cells, spectral sensitivities of cone cells, filtering properties of 
ocular media, etc.). These observations have led some to propose that human vision can never be 
used to detect variation in animal coloration. Yet this assertion is at odds with a long history of 
studying animal coloration in ecological, evolutionary, and behavioral frameworks. Cryptic 
coloration, male secondary sex traits, and mimicry patterns have been the subject of many 
fruitful research programs that have, until recently, relied on human perception of animal 
coloration. This suggests that human vision does well in detecting relevant animal coloration in 
nature, at least in some cases. Here, we attempt to reconcile these two opposing views. We tackle 
this issue by intentionally employing methodology that is heavily biased by human subjectivity 
and compare this to objective measures of coloration. Specifically, we compare the reflectance 
spectra of plumage elements for birds from museums with the corresponding spectra of plumage 
elements from a field guide. We also compare the actual bird reflectance spectra with RGB 
values from digital photographs of actual birds. Both the reflectance spectra of the field guides 
and the RGB values are anthropocentric. This is particularly so for the reflectance spectra of field 
guides as the bird coloration is (a) perceived by the human visual system, (b) painted to resemble 
a given bird, and then (c) printed in a guide using black, cyan, yellow, and magenta inks. We 
measured multiple plumage elements across 14 bird species. For sexually dimorphic species, we 
discerned between males and females. This resulted in 73 unique combinations of species, sex, 
and color element. The reflectance spectra from the field guides were drastically different from 
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the actual birds, and this discrepancy was greatest for blue color elements. Yet despite this 
drastic variation in reflectance spectra, all three data sets (actual reflectance, field guide 
reflectance, and actual RGB values) captured the major components of variation in animal 
coloration as indicated by principal components analyses. All three analyses indicated similar 
data structure (i.e., similar amounts of variation in PC 1-3) with similar PC loadings. From this 
analysis, we conclude that human vision is capable of detecting the major sources of variation in 
animal coloration in the visible range (380nm to 700nm). Of course, humans cannot detect 
relevant variation in UV reflectance (as indicated by our data) nor can they detect polarized 
visual signals. Still, humans can generally rely on their visual systems to detect variation in color 
patterns that serve as the fodder for subsequent studies in ecology, evolution, behavior, and 
visual ecology. 
 
BACKGROUND 
 Animal color patterns have long attracted the attention of ecologists and evolutionary 
biologists (Darwin, 1959; Thayer & Thayer, 1909; Cott, 1940; Fox & Vevers, 1960). Variation 
in color patterns across populations has provided the fodder for investigations in the evolution of 
cryptic coloration (e.g., peppered moths: Kettlewell, 1955, 1956; snail polymorphism: Cain and 
Sheppard, 1950, 1954; mice: Dice, 1947) and sexual selection (guppies: Haskins et al., 1961; 
Endler, 1978, 1980; stickleback: McPhail, 1969; birds: Baker & Parker, 1979). Behavioral 
ecologists have studied the signaling dynamics of color patterns as a function of male/male 
competition and female mate choice (Tinbergen, 1948; Rohwer & Rohwer, 1978; Rowland, 
1982). Studies of mimicry have compared color patterns between models and mimics (Van 
Zandt-Brower, 1958 a-b; reviewed in Rettenmeyer, 1970). Many important natural patterns in 
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color pattern evolution were documented long before the advent of spectrophotometers. These 
early insights into color pattern evolution have provided the fodder for a number of active 
research programs investigating the genetic basis and evolutionary context for color patterns 
(mice coloration: Nachman et al., 2003; Linnen et al., 2013, sticklebacks: Malek et al., 2012; 
guppies: Gordon et al., 2012; mimetic butterflies: Dasmahapatra et al., 2012). Clearly, numerous 
studies/research programs have flourished despite the fact that the original patterns in nature 
were detected, and often quantified, using human visual systems.  
 Yet despite our success in studying the ecological and evolutionary processes affecting 
animal coloration, we doubt our ability to accurately measure animal coloration. This is for good 
reason. We now know that the visual properties of the human visual system are quite different 
from other animals (Endler, 1990, 1992; Bennett et al., 1994). Species differ in the number of 
photoreceptor classes they possess in their retinas, ranging from two cone classes (most placental 
mammals) to as many as five cone classes (some fish) in vertebrates and as many as 12 to 21 
photoreceptor classes in invertebrates (for mantis shrimp). Animals also differ in the sensitivity 
of those cone cells to different wavelengths of light. Many animals can perceive signals in the 
ultraviolet region (<380nm) where humans are insensitive. Animals also differ in the manner in 
which ocular media filter regions of the spectrum. This variation in visual system properties 
raises the question of whether human vision can capture the relevant and important patterns in 
animal coloration (Cronin et al., 2014; Håstad and Ödeen, 2008).  
 How can it be that human visual systems are so poor at detecting animal coloration and 
yet we have made such empirical progress in so many systems? Are humans missing the vast 
majority of variation in animal coloration in nature? Are we only investigating a narrow subset 
of variation that we can perceive? Admittedly, humans cannot detect ultraviolet (UV), near 
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infrared (NIR) or polarized signals. However, the question remains as to whether humans are 
failing to detect large amounts of color variation in the visible range. Here, we attempt to answer 
this question by intentionally employing methodology that is heavily biased by human 
subjectivity and comparing this to objective measures of coloration. Our approach to this 
question is to use a methodology that most visual ecologists would agree is fundamentally 
flawed and compare it to methodology that is free of human perceptual biases. Specifically, we 
compared the reflectance spectra of ‘actual birds’ from museum specimens with (a) reflectance 
spectra from field guides and (b) RGB values from digital photographs of ‘actual birds’.  
 There are multiple reasons to suspect that field guides (and RGB values from digital 
photographs) are poor representatives of actual bird coloration (figure 2.1). For the field guides, 
an artist first observes a bird with the human visual system (which differs from that of birds) and 
perceives its color pattern through the filter of his or her cultural and personal perceptions. Birds 
have a fourth UV or violet sensitive cone and their remaining three cones are more evenly spaced 
throughout the visible spectrum. The artist then creates a painting of the bird using paints whose 
spectral properties may or may not match the real spectral properties of the birds. The painting is 
then used to create cyan, yellow, magenta, and black sub-images that are used to reproduce the 
image. Hence, there are multiple steps in the process where animal coloration can be 
misrepresented.  
 Digital photography also has the potential to misrepresent ‘actual’ coloration as the RGB 
sensors mimic the sensitivity of human visual system. Digital cameras are designed to create 
aesthetically pleasing images; in doing so, they over-represent certain colors, filter out 
potentially biologically relevant UV and NIR, and have the potential to display nonlinear 
responses to changes in lighting intensity, which complicates comparing colors even within the 
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same image (Stevens et al., 2007). In addition, the image format can cause complications as 
those like the JPEG (Joint Photographic Experts Group) file format compresses data, which 
increases errors in the RGB values. Many common color space standards used by cameras to 
save images (e.g. sRGB) do not cover the full gamut of human vision. Moreover, there is 
variation in sensitivity between cameras, even within the same models. Given all of these 
problems, it is no wonder that visual ecologists deem any methodology that relies on human 
subjectivity as fatally flawed. Yet the question remains: how bad is it?  
 Here, we seek to quantify the degree of discrepancy between ‘real’ reflectance spectra 
from birds versus measures based on human perception. Specifically, we compared the 
reflectance spectra from patches off preserved avian specimens to (a) the reflectance spectra 
measurements of the corresponding patches from images in a field guide and (b) the RGB values 
from the patches from the photographs of actual birds. We compared reflectance spectra directly 
and also used principal components analyses to determine the extent to which each method 
captured the major patterns of variation in animal coloration. Three predictions emerge from the 
hypothesis that human vision fails to capture animal coloration in nature. First, the reflectance 
spectra of ‘actual’ birds should fail to match reflectance spectra of ‘field guide’ birds. Second, 
principal component analyses on the ‘actual’ bird data set and the ‘field’ guide data set should 
reveal drastically different variance structures. By this, we mean that the proportion of variation 
accounted for by each principal component and the PC loadings should be drastically different in 
the two analyses. Third, principal component analyses on the ‘actual’ bird data set and the RGB 
data should likewise reveal difference variance structures. We test these three predictions below.  
 
METHODS 
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Measuring Actual Birds 
 We first measured the reflectance spectra of ‘actual’ birds using museum specimens from 
the Illinois Natural History Survey (INHS) at the University of Illinois at Urbana-Champaign 
(UIUC) and the John Wesley Powell-Dale Birkenholz Natural History Collections at Illinois 
State University (ISU). We sampled multiple species that contained blue, red, yellow, and brown 
elements. Specifically, we sampled: blue jay, northern cardinal, indigo bunting, eastern 
meadowlark, pileated woodpecker, summer tanager (red morphs only), red-headed woodpecker, 
scarlet tanager, Canada warbler, western bluebird, yellow-breasted chat, blue grosbeak, mountain 
bluebird, and western tanager (see table 2.1). Four species (blue jay, eastern meadowlark, 
pileated woodpecker, and red-headed woodpecker) were considered to have low sexual 
dimorphism and for these we measured 5 individuals and did not consider sex. Three of these 
species (all except the pileated woodpecker) were also ones where the field guide (see below) did 
not distinguish between male and female color patterns. For the pileated woodpecker, the only 
difference in the field guide was the extent of color patches, which does not affect our analysis. 
Thus, we considered it fair to treat them as a low sexual dimorphism species. The remaining ten 
species were considered to have appreciable sexual dimorphism (northern cardinal, indigo 
bunting, summer tanager, scarlet tanager, Canada warbler, western bluebird, yellow-breasted 
chat, blue grosbeak, mountain bluebird, and western tanager). For these species, we considered 
the two sexes separately. We measured reflectance for a minimum of three males and three 
females for each species. An exception occurred for female western bluebird where we only had 
two females due to a lack of available specimens. For four species (summer tanager, scarlet 
tanager, blue grosbeak, and mountain bluebird), we only considered data from males due to a 
lack of specimen and/or a lack of needed coloration (red or blue elements). For each species, we 
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measured reflectance spectra for multiple color patches (e.g. red head, black wings). For each 
color element of each bird, we took three replicate reflectance measurements and calculated the 
average. Table 2.2 lists the various color patches for each species-sex combination and provides 
the total number of scans and the total number of individual birds sampled.  
 
Measuring Birds from the Field Guide 
 We measured reflectance spectra of the color patches selected for each species (see 
above) from the corresponding images in a field guide. When possible, we took measurements 
for each sex (see Table 2.1). We mainly measured reflectance spectra from the National 
Geographic Field Guide to the Birds of North America (Dunn & Alderfer, 2011). Field guides 
can vary in the paints used for the original portraits of the bird and the inks used when printing 
the image. Hence, we took additional reflectance measurements from A Field Guide to Warblers 
of North America (Peterson Field Guides) (Garrett & Dunn, 1997). The results from these 
analyses were nearly identical to the National Geographic results and are therefore not presented 
here. We took three reflectance measurements for each color element from each species and for 
each sex when appropriate.  
 
Reflectance Measurements 
 We measured the reflectance spectra for both actual birds and their corresponding images 
in the field guide. Reflectance spectra were taken using an Ocean Optics USB4000 
spectrophotometer with an Ocean Optics PX-2 pulsed xenon light source that has a wavelength 
output from 220nm to 750nm and an Ocean Optics R200-7 reflection probe (Dunnedin, FL). The 
probe is composed of six optical fibers surrounding one read fiber. Light from the PX-2 is guided 
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down the six optical fibers, reflects off the bird or image, and a portion of that light enters the 
read fiber of the probe to be carried back to the spectrophotometer. A Spectralon white standard 
(WS-1-SL) was used to calibrate the spectrophotometer; the white standard has a reflectance 
over 96% between 250nm and 2000nm and a reflectance of 99% between 400nm and 1500nm. 
All readings were taken with the reflectance probe held at a 45° angle via a probe holder (Ocean 
Optics, RPH-1). We held the probe holder flat against the surface of the birds or on the images 
within the field guides so that the light from the probe was illuminating the color element of 
interest. 
 
Measuring RGB & Lab from Digital Pictures of Actual Birds 
 Multiple photographs were taken of both sides of each bird using a Nikon COOLPIX 
8700 digital camera in order to obtain RGB data of the actual birds. The camera was mounted on 
a tripod for stability and focal length consistency. The Nikon COOLPIX 8700 has been used in 
previous studies (e.g. Bergman & Beehner, 2008; Párraga, Troscianko & Tolhurst, 2002; Zhou & 
Fuller, 2014; Johnson & Fuller, 2014). The Nikon COOLPIX 8700 complies with the 
recommendations for using digital photography in studies put forward by Stevens et al. (2007).  
 The camera was set to underexpose by one f-stop to prevent clipping. Clipping occurs 
when the R, G, or B value for a pixel reaches its maximum value of 255. Digital photographs 
were saved as Tagged Image File Format (TIFF) (see Stevens et al. 2007). Each photograph was 
taken with an X-rite ColorChecker Classic (Grand Rapids, MI) in the frame. Images from INHS 
were taken under a mixture of natural and florescent light while those from ISU were taken 
under florescent light. The camera was white balanced at the beginning of each session using the 
white square of the color checker.  
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 Minor deviations in color measurements can occur due to slight differences in the 
lighting conditions when taking photographs on different days/times. Inclusion of the color 
standards in the photographs allowed us to correct for these discrepancies. The digital 
photographs were color corrected as outlined in Bergman & Beehner (2008) using the inCamera 
4.5 plug-in (version 4.0.1, PictoColor Software) for Adobe Photoshop CS4 Extended with a 
modified reference file to work correctly with the X-rite ColorChecker Classic. We examined the 
standard deviations for each image in the red, green, and blue channels. The program provides 
the worst standard deviations for each color channel and the overall (i.e. averaged) standard 
deviations for each channel. For the INHS data, we excluded images where any channel had a 
worst standard deviation greater than three (as per Bergman & Beehner, 2008). For the INHS 
data, the overall errors for the color channels usually fell close to one standard deviation and 
rarely exceeded 1.3. For the ISU data, the worst standard deviation in the blue channel was high 
for all images (~3.0-3.9). The overall errors for the color channels usually fell close to 1.2 
standard deviations and never exceeded 1.6. To determine whether inclusion of the ISU data 
altered our results, we ran two sets of analyses: one including the ISU data and one excluding 
them. The analyses with and without the ISU data were nearly identical. Here, we present the 
results for the analyses with the ISU data. The photographs were then converted to the Lab color 
space in Adobe Photoshop CS4. RGB values were taken from each of the color patches of 
interest using the eyedropper tool set to average a three-by-three pixel square. Three samples 
were taken and averaged for each combination of species, sex, and color patch.  
 
Statistical Analysis: ‘Actual Birds’ vs. ‘Field Guides’ 
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 All reflectance spectra were averaged every 5nm from 300nm to 750nm using a custom 
made script for R (version 3.0.1). For the actual birds, there were 901 reflectance spectra from 73 
unique species-sex-color element combinations from 14 species across 83 birds. Table 2.2 lists 
the sample sizes for each combination of color patch, sex, and species. We averaged the multiple 
measurements for each color element of each individual bird. We then calculated the average 
reflectance spectra for each combination of species, sex, and color element. Similarly, we 
averaged the reflectance spectra for each combination of species, sex, and color element for the 
field guide images. The field guide only had a single image for each species-sex-color element 
combination and thus the average reflectance spectrum was the average of the repeated, replicate 
reflectance spectra (i.e., one image, three repeated reflectance spectra). For both data sets, there 
were 73 unique species-sex-color element combinations.  
 We first asked whether the reflectance spectra differed between the actual birds and the 
field guide birds and whether there were any general patterns between different color classes. To 
do this, we used two-tailed Welch's t-tests for each 5nm interval for each matched set of 
reflectance spectra.  
 Our second statistical analysis asked whether the two data sets captured similar patterns 
in color variation among birds. To do this, we performed separate principal components analyses 
(PCAs) on the actual birds and on the field guide images. If the two data sets are displaying the 
same variation and the same pattern of spectra between species-sex-color element combinations, 
then separately preformed PCAs on the two data sets will return highly similar values for the 
proportion of variation accounted for by each principal component (PC) and the PC loadings 
(i.e., eigenvectors). Furthermore, the PC scores for each species-sex-color element combination 
between the two PCAs should be highly correlated. We compared the proportion of variation 
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accounted for by the various PCs and the PC loadings (i.e., eigenvectors). We then examined the 
correlations between the PC scores across the 73 species-sex-color element combinations for the 
first three PCs.  
 
Statistical Analysis: ‘Actual Birds’ vs. ‘Digital Photography’ 
 Here, we asked whether the RGB data collected from the digital photographs 
corresponded well to the reflectance spectra from the actual birds. As mentioned previously, the 
RGB data were analyzed separately both with and without the ISU data because of the high 
standard deviations in the blue channel. We found that the two analyses produced similar results. 
Here, we present the analyses with the ISU data. The replicate RGB values were averaged for 
each color patch for each individual bird. We then calculated the average RGB values for each 
species-sex-color element combination (73 total). We then performed a PCA on these 73 RGB 
values. The vector loadings and the proportion of variance accounted for by the PCs for the RGB 
were compared with those of the actual bird PCA. We also examined the correlations between 
PC scores for the first three PCs. All analyses were performed using ‘prcomp’ in R (version 
3.0.1).  
 
RESULTS 
Reflectance Spectra – ‘Actual Birds’ vs. ‘Field Guides’ 
 Our comparisons of reflectance spectra of patches from actual birds and the field guide 
revealed many statistically significant differences between the two and that some wavelength 
regions varied in predictable ways. Figures 2.2-2.4 show typical patterns for red, yellow, and 
blue color elements, respectively. For some color patches, there were massive differences in the 
reflectance of the field guide and actual bird. For instance, the average reflectance spectrum of 
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the field guide is more than two times that of the actual bird in the 600nm to700nm range for the 
throat patch of the female Canada warbler (figure 2.3). Other statistically significant patterns 
were present even when the reflectance spectra were quite similar due to small standard errors, 
particularly for the field guide. In some cases, differences in reflection as small as 2% resulted in 
p-values less than 0.001. Whether or not these small scale differences are biologically relevant is 
unclear, especially as real birds themselves often vary by more than this amount.  
 There were broad patterns with respect to hue. The field guide did relatively well 
representing the reflectance patterns of red and yellow elements. Figure 2.2 shows the average 
reflectance spectra for a typical red color element from actual birds and the field guide (for the 
male scarlet tanager). For red elements in general, the field guide tended to over-represent red 
wavelengths (620nm to 750nm) and somewhat over-represent green wavelengths (495nm to 
570nm); there was also a small underrepresentation of yellow wavelengths (570nm to 590nm). In 
some cases, the field guide was generally brighter than the actual bird and was also brighter than 
the brightest actual bird in our data set. But beside these fine points, the field guide generally did 
well representing the spectra of red elements from actual birds. Amazingly, the field guide even 
managed to represent the UV reflectance of red elements (as seen in figure 2.2). 
 Figure 2.3 shows a typical pattern seen with yellow elements (throat patch of female 
Canada warbler). The pattern was similar to that observed with red elements, but with the green 
wavelengths (495nm to 570nm) overrepresented to a greater degree. The field guide did not do 
as well with representing UV wavelengths within the yellow elements as it did within the red 
elements. Yellow elements had a distinctive dip in the reflectance spectra from the field guides 
that is likely due to the inks used in printing the field guide (see discussion). 
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 On the other hand, blue elements were poorly represented by the field guide. Figure 2.4 
shows an example of typical blue reflectance spectra for the field guide and corresponding actual 
birds (male blue grosbeak). The reflectance spectra of blue elements in the field guide often 
displayed higher reflectance in the green wavelengths (495nm to 570nm) and lower reflectance 
in the UV wavelengths (300nm to 380nm). The field guide also occasionally underrepresented 
the violet wavelengths (380nm to 450nm) compared to the actual bird color patch. This, in effect, 
red-shifts the spectra of the patch in the field guide (see figure 2.4). Similar to the red and yellow 
elements, the field guide also over-represents red and orange wavelengths in blue elements. The 
chest and crown spectra of the actual male blue grosbeak had high (but different levels of) UV 
reflectance, which was not represented in the field guide.  
 
Principal Components Analyses – ‘Actual Birds’ vs. ‘Field Guides’ 
 Despite the fact that the actual birds and the field guide representations differed 
dramatically in reflectance spectra, PCAs on the two data sets produced nearly identical patterns. 
For the actual birds and for the National Geographic field guide, the first three PCs account for 
98.38% and 99.29% of the variation, respectively. Furthermore, the proportion of variation 
accounted for by each was also very similar (see table 2.3). The vector loadings of PCs were also 
very similar across the visual spectrum (figure 2.5A-C). PC1 for the actual birds and field guide 
both loaded strongly onto the reflectance from ~525nm to 750nm (figure 2.5A). Both analyses 
also showed a small, positive loading in the UV wavelengths. The Pearson’s r between the 
loadings of PC1s of the two data sets was 0.9929, and the R2 was 0.9859 (n=73). Based on the 
loadings, PC1 appeared to primarily be driven by reflectance characteristic of a carotenoid 
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pigment. There was also a strong correlation between PC scores across the 73 different 
combinations of species-sex-color element (figure 2.6A).  
 For the actual birds and field guides, PC2 represented blue and green versus red (see 
figure 2.5B). PC2 loadings were highly correlated (n=73, Pearson’s r = 0.9393; R2 = 0.8822) as 
were the PC scores (figure 2.6B, n=73, Pearson’s r= 0.7846, R2 = 0.6156). There was a small 
discrepancy between the loadings in the UV range (300-380nm) where the loadings were higher 
for the field guides than for the actual birds. We suspect that this stems from the fact that the blue 
color elements in the field guides had low UV reflectance while the actual birds with blue color 
elements had high UV reflectance. There was one outlier for PC2 that warrants attention: the 
blue wing patch of male mountain bluebirds. It being an outlier seemed to be due limitations of 
the inks used in the printing process (i.e. lacking high UV reflectance and cyan ink being red-
shifted compared to natural blues) and an unusual underrepresentation of the brightness of the 
patch. Usually field guide blues matched or exceeded the brightness of the actual bird, but, in the 
case of the wing patch of the male mountain bluebird, the field guide patch was darker than the 
patch on the actual birds. PC3 loaded strongly onto the green and yellow wavelengths and 
negatively onto the blue and red wavelengths (see figure 2.5C). The two PC3 loadings were 
highly correlated (Pearson r =0.9810, R2 = 0.9623, n=73) as were the PC3 scores (figure 2.6C, 
Pearson r = 0.8311, R2 = 0.6908, n=73). 
 
Principal Components Analyses – ‘Actual Birds’ vs. ‘Digital Photography’ 
 The PCA of RGB values from digital photographs of the birds also accounted for the 
major components of variation in coloration. The first two PCs accounted for 94% of the 
variation. By default, the first three PCS accounted for 100% of the variation (table 2.3). The PC 
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loading patterns for the RGB data were also similar to that of the actual birds. PC1 for RGB 
loaded in a similar manner to PC1 for the actual birds and field guides with slightly negative 
loading of short (blue) wavelengths and high loading values for longer wavelengths, particularly 
for red wavelengths (figure 2.5D). Likewise, PC2 for the RGB data showed a similar pattern as 
PC2 for the actual bird and the field guide by representing a blue and green versus red 
comparison (figure 2.5E). This is particularly notable considering that the RGB data is 
completely missing the UV portion of the spectra. PC3 for the RGB PCA loaded for green versus 
blue and red (figure 2.5F). There were very strong, positive correlations between PCs 1-3 for the 
RGB data and the actual birds (figure 2.6 D-F, all R > 0.88, all R2 > 0.54).  
 
DISCUSSION 
 The hypothesis that human vision and anthropocentric methods of measuring animal 
coloration are fundamentally flawed for assessing animal colorations makes three predictions. 
First, reflectance spectra measured from plumage patches of actual birds should be significantly 
different from those of the field guides. Second, the variance structure indicated by separate 
PCAs of the actual birds and the field guide images should be dramatically different. 
Specifically, the proportion of variation accounted for by the PCs and the PC loadings onto 
wavelengths should be quite different from one another, nor should there be any significant 
correlations among the PC scores for the 73 color elements. Third, the variance structure 
indicated by the PCA of RGB scores should be dramatically different from the variance structure 
for the actual birds. We found strong support for the first prediction (reflectance spectra vary), 
but the second and third predictions were not supported. On the contrary, our results supported 
the alternative hypothesis that human vision and anthropocentric methods for measuring 
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coloration capture the majority of variation in animal coloration. All three PCAs (actual 
reflectance spectra, field guide reflectance spectra, RGB data) produced exceedingly similar 
variance structure and strong correlations between the PC scores (see figure 2.6). Below, we 
discuss these results and attempt to resolve these contradictory findings.  
 
Actual Birds vs. Field Guide Birds: Reflectance Spectra 
 Recreating images of birds in field guides using the standard inks used in printing is 
rarely likely to perfectly recapture the reflectance spectra of actual birds. The reason for this is 
that the inks used in printing have different reflectance properties than do the pigments (i.e. 
carotenoids, melanins, pterins, etc.) and structural colors found in birds. This is the major source 
of the discrepancy between actual and field guide reflectance spectra. This disparity causes 
consistent deviations in particular color classes.  
 Yellow plumage elements differed between the actual birds and field guide reflectance 
spectra in predictable ways. The divot in the yellow wavelengths for yellow elements is, at best 
guess, the result of the yellow ink used in printing being a metamer. (Metamers are colors made 
by combing two or more different wavelengths of light that match a third wavelength in 
perceptual appearance.) If this is the case, the yellow ink should have two reflectance peaks: one 
among green wavelengths and the other among red wavelengths. This fits with the reflectance 
spectra of color patches out of the field guide as the two peaks can be clearly be seen for yellow 
elements (figure 2.3). This would also explain the small bump of green wavelengths in red color 
elements (figure 2.2) as yellow ink would be added to magenta ink to result in red. This system is 
in tune with the human visual system, but might result in a difference of perception for 
organisms with a different visual system. 
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 Blue plumage elements exhibited the largest discrepancies between actual birds and field 
guide birds. As discussed above, it is not surprising that the field guides seem to falter when 
representing blue elements. This issue stems from the cyan ink reflecting longer wavelengths 
than the actual birds’ blue elements so magenta must be added (as magenta includes violet and 
blue wavelengths). The magenta ink can only do so much to salvage the violet wavelengths 
before its red wavelengths make the patch appear violet. This metamer creation leaves the field 
guide spectra broader and shifted toward longer wavelengths compared to the blue elements of 
actual birds. These inks are capitalizing on our physiological limitations for detecting shorter 
wavelength light and interpreting violet and blue coloration. 
 Humans lack sensitivity to UV light due to our corneas being opaque to these 
wavelengths. There are a few other physiological reasons for our poor performance in 
discriminating short wavelength light (and the violet and blue colors we interpret them as). First, 
the absorbance of our cones is unevenly spaced across the visible spectrum with the blue cone 
being further separated from the other two, which reduces our ability to make fine comparisons 
using the blue cone. In addition, violet wavelengths active both blue and red cones meaning that 
humans cannot tell the difference between a mixture of blue and red light and violet light; this 
peculiarity is often utilized to create violet coloration. And finally, the human fovea (the area of 
highest spatial and chromatic resolution) does not contain any blue cones which limits our 
sensitivity to short wavelengths. 
 The fact that field guide representations of red elements show the correct level of UV 
reflectance is probably a fluke of the inks used in printing. Those UV peaks are probably from 
the reflectance of the magenta ink (which reflects some shorter wavelength light) as a similarly-
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shaped peak appears in the spectra for blue elements but not yellow elements (where less or no 
magenta ink is used). 
 Finally, some of the differences may not be the result of the limitations of our vision at 
all. The blue wing patch of the mountain bluebird being an outlier in the PC2 scores is a good 
example of this. The artist seems to have over emphasized the differences between the various 
blue patches of the mountain bluebird by darkening the wing patch even though the wing patches 
of sampled birds were more cyan in color than the field guide. In addition to this, the usually lack 
of UV reflectance was sizeable in the patch. High variation in the patch on the actual birds may 
have also complicated the issue. 
 
Common Variance Structures 
 Despite the fact that (a) the field guide reflectance spectra differed from the actual bird 
spectra and (b) the RGB values essentially describe a reflectance curve with 91 data points using 
3 data points, the three separate PCAs (actual bird, field guide, and RGB) described exceedingly 
similar variance structures. The PCAs produced a similar pattern where the vast majority of the 
pattern stemmed from broad patterns across the spectrum (e.g., long wavelengths versus short 
wavelengths, etc.). We suspect that there are two factors that contribute to this broad scale 
pattern. First, most pigments having broad reflectance patterns. A spectrum with narrow peaks in 
particular wavelengths might create sizeable problems, but neither the actual birds nor the field 
guide images possessed such reflectance spectra. Second, visual systems -whether they be that of 
humans, birds, or some other animal - do not measure reflectance spectra. Instead, they count 
photons across relatively broad wavelength regions. Similarly, our PCAs essentially condensed 
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variation in the various regions of the spectrum and was able to account for >98% of the 
variation in coloration with three PCs.  
 These results, however, do not imply that visual detection models are unnecessary in 
studies of animal coloration. Visual detection models are our primary tools for understanding 
how non-human animals perceive color patterns. This is obviously important for elements of 
vision where humans lack sensitivity (i.e. UV, NIR, polarized signals). Visual detection models 
are also critical for understanding how environmental conditions affect color pattern perception 
and how filtering elements (e.g., oil droplets) alter perception. Beyond this, it should always be 
kept in mind that an organism’s perception of stimuli can vary significantly from our own even 
within the visible range (380nm to 700nm), depending on the properties of the organism’s visual 
system and higher order processing of visual information. This is especially true for metamer and 
the short wavelength signals. 
 Our results do suggest that the human visual system can detect the majority of variation 
in animal coloration in the visible range (380nm to 700nm). This has important implications for 
biologists. With the notable exception of UV, NIR, and polarized signals, we can generally rely 
on our vision for a cursory inspection for interesting patterns in animal coloration in nature that 
may ultimately allow for novel insights into how animal coloration evolves. Clearly, visual 
detection models are needed to fully understand how animals process these color patterns (i.e., 
the relative importance of achromatic versus chromatic contrast) and to test whether specific 
alterations in lighting environments alter visually based behaviors in ways predicted by visual 
detection models. And behavioral studies are needed to better understand how colors are 
perceived by other animals. However, human visual systems provide us with broad, often 
meaningful, patterns in animal coloration.  
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 Similar results have been found in past studies. Håstad and Ödeen (2008) compared the 
predictions of visual detection models between humans and birds. They examined the contrasts 
between various plumage patches on a given bird and determined which ones produced the 
greatest chromatic contrast. The two models produced exceedingly similar results (R2 = 0.90). 
This paper is frequently cited to provide evidence that the human visual system cannot be used to 
measure bird coloration. This contention stems from the fact that the human visual system did 
not perfectly match the avian visual system in rankings the chromatic contrast of plumage 
elements. However, others have taken a more ‘glass half full’ view and have pointed out the 
strong correlations between human perception and bird perception (Seddon et al., 2010). Our 
analysis here is unique because we used a methodology that most would consider to be 
fundamentally flawed and still found good correspondence between the two data sets. We 
contend that the human visual system and anthropocentric expression of coloration are relatively 
robust and able to detect the majority of meaningful variation in animal coloration in nature.  
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FIGURES AND TABLES 
 
Figure 2.1: How to get a bird into a field guide. The bird (a; a pileated woodpecker in this case) 
is observed through the visual system (b) of the artist (c; Louis Agassiz Fuertes is this case) who 
is also biased by cultural and personal experiences. The artist uses paints (d) designed to be 
pleasing to humans to create the initial panting (e). The painting is broken down into a cyan, 
yellow, magenta, and black layer (f) and those four layers are successively printed into the field 
guide (g).   
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Figure 2.2: Examples of actual bird and field guide spectra for red elements. The reflectance 
spectra are for the red back and chest for male scarlet tanagers. Field guide spectra in blue; bird 
spectra in black. Bars show standard errors. Asterisks indicate significant differences between 
the spectra (p-value < 0.05).  
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Figure 2.3: Example of actual bird and field guide spectra for yellow elements. The reflectance 
spectrograph for the yellow throat of female Canada warblers. Field guide spectra in blue; bird 
spectra in black. Bars show standard errors. Asterisks indicate significant differences between 
the spectra (p-value < 0.05).  
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Figure 2.4: Examples of actual bird and field guide spectra for blue elements. The reflectance 
spectra are for the blue chest and crown of male blue grosbeaks. Note that the field guide spectra 
change very little between the two patches whereas the bird spectra change substantially, 
particularly in the violet and UV. Field guide spectra in blue; bird spectra in black. Bars show 
standard errors. Asterisks indicate significant differences between the spectra (p-value < 0.05).   
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Figure 2.5: Principle component loadings for first actual bird and field guide PCAs (A-C) and the 
RGB PCA (D-F) for PC1 (A, D), PC2 (B, E), and PC3 (C, F). Color bars are included on panels 
A-C to indicate the general stretches of the spectrum that are accounted for by the three channels 
of the RGB data (blue, green, and red). 
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Figure 2.6: Comparisons of principle component scores between the actual birds and field guide 
(A-C) and the actual birds and RGB data (D-F) for PC1 (A, D), PC2 (B, E), and PC3 (C, F) with 
linear trend lines.  
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Table 2.1: Number of birds per species. The number of males and females are denoted for 
species with appreciable sexual dimorphism. 
species (abbreviation) # individuals (#female, #male) 
blue jay (BLJA) 5 
northern cardinal (NOCA) 11 (6f, 5m) 
indigo bunting (INBU) 9 (4f, 5m) 
eastern meadowlark (EAME) 5 
pileated woodpecker (PIWO) 5 
summer tanager (SUTA) 4 (4m) 
red-headed woodpecker (RHWO) 5 
scarlet tanager (SCTA) 5 (5m) 
Canada warbler (CAWA) 7 (3f, 4m) 
western bluebird (WEBL) 6 (2f, 4m) 
yellow-breasted chat (YBCH) 6 (3f, 3m) 
blue grosbeak (BLGR) 4 (4m) 
mountain bluebird (MOBL) 4 (4m) 
western tanager (WETA) 7 (3f, 4m) 
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Table 2.2: Sample sizes across each combination of species-sex-color element with number of 
individuals and total number of reflectance spectra denoted and explanation for why there is 
missing data in some cases. 
Species Sex Color Patch 
Actual 
birds’ 
(total # 
of 
spectra, 
# birds) 
Field guide 
(total # of 
reflectance, 
1 image 
each) 
Actual 
birds’ 
(total # 
replicate 
RGB 
readings, 
# birds) 
Explanation of missing data 
BLJA neuter back (15, 5) (3,1) (18, 6)  
BLJA neuter breast band (15, 5) (3,1) (15, 5)  
BLJA neuter chest (15, 5) (3,1) (15, 5)  
BLJA neuter crown (14, 5) (3,1) (18, 6) 
One spectra removed for being an 
outlier 
BLJA neuter throat (15, 5) (3,1) (15, 5)  
BLJA neuter top tail (14, 5) (3,1) (18, 6) 
One spectra removed for being an 
outlier 
NOCA male back (14, 5) (3,1) (15, 5) 
One spectra removed for being an 
outlier 
NOCA male chest (15, 5) (3,1) (15, 5)  
NOCA male crown (15, 5) (3,1) (15, 5)  
NOCA male tail (16, 5) (3,1) (15, 5) Extra spectra taken for one bird 
NOCA male throat (14, 5) (3,1) (15, 5) 
One spectra removed for being an 
outlier 
NOCA female back (18, 6) (3,1) (18, 6)  
NOCA female chest (18, 6) (3,1) (18, 6)  
NOCA female crown (18, 6) (3,1) (18, 6)  
NOCA female tail (14, 5) (3,1) (18, 6) 
One spectra removed for being an 
outlier; spectra for one bird not taken 
NOCA female throat (9, 3) (3,1) (18, 6) 
Patch not large enough on three birds to 
take spectra 
INBU male back (15, 5) (3,1) (18, 6)  
INBU male chest (15, 5) (3,1) (18, 6)  
INBU male crown (15, 5) (3,1) (18, 6)  
INBU male throat (15, 5) (3,1) (18, 6)  
INBU female back (11, 4) (3,1) (12, 4) 
One spectra removed for being an 
outlier 
INBU female chest (12, 4) (3,1) (12, 4)  
INBU female crown (12, 4) (3,1) (12, 4)  
EAME neuter back (14, 5) (3,1) (15, 5) 
One spectra removed for being an 
outlier 
EAME neuter breast band (15, 5) (3,1) (15, 5)  
EAME neuter chest (15, 5) (3,1) (15, 5)  
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Table 2.2 (con’t) 
Species Sex Color Patch 
Actual 
birds’ 
(total # 
of 
spectra, 
# birds) 
Field guide 
(total # of 
reflectance, 
1 image 
each) 
Actual 
birds’ 
(total # 
replicate 
RGB 
readings, 
# birds) 
Explanation of missing data 
EAME neuter crown (6, 2) (3,1) (15, 5) 
Only able to take measurements for two 
birds 
EAME neuter throat (15, 5) (3,1) (15, 5)  
PIWO neuter back (15, 5) (3,1) (15, 5)  
PIWO neuter crown (15, 5) (3,1) (15, 5)  
SUTA male back (12, 4) (3,1) (12, 4)  
SUTA male chest (10, 4) (3,1) (12, 4) 
Two spectra (from different birds) 
removed for being outliers 
RHWO neuter back (15, 5) (3,1) (15, 5)  
RHWO neuter chest (15, 5) (3,1) (15, 5)  
RHWO neuter crown (15, 5) (3,1) (15, 5)  
RHWO neuter throat (15, 5) (3,1) (15, 5)  
SCTA male back (15, 5) (3,1) (15, 5)  
SCTA male chest (15, 5) (3,1) (15, 5)  
SCTA male wing (15, 5) (3,1) (15, 5)  
CAWA male back (12, 4) (3,1) (12, 4)  
CAWA male chest (12, 4) (3,1) (12, 4)  
CAWA male crown (9, 3) (3,1) (12, 4)  
CAWA male throat (12, 4) (3,1) (12, 4)  
CAWA female back (9, 3) (3,1) (9, 3)  
CAWA female chest (9, 3) (3,1) (9, 3)  
CAWA female crown (9, 3) (3,1) (9, 3)  
CAWA female throat (9, 3) (3,1) (9, 3)  
WEBL male back (12, 4) (3,1) (15, 5)  
WEBL male chest (12, 4) (3,1) (12, 4)  
WEBL male crown (12, 4) (3,1) (15, 5)  
WEBL male throat (12, 4) (3,1) (12, 4)  
WEBL female back (6, 2) (3,1) (6, 2)  
WEBL female chest (6, 2) (3,1) (6, 2)  
WEBL female crown (6, 2) (3,1) (6, 2)  
WEBL female throat (6, 2) (3,1) (6, 2)  
YBCH male back (9, 3) (3,1) (12, 4)  
YBCH male chest (9, 3) (3,1) (9, 3)  
YBCH female back (9, 3) (3,1) (9, 3)  
YBCH female chest (9, 3) (3,1) (9, 3)  
BLGR male back (12, 4) (3,1) (12, 4)  
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Table 2.2 (con’t) 
Species Sex Color Patch 
Actual 
birds’ 
(total # 
of 
spectra, 
# birds) 
Field guide 
(total # of 
reflectance, 
1 image 
each) 
Actual 
birds’ 
(total # 
replicate 
RGB 
readings, 
# birds) 
Explanation of missing data 
BLGR male chest (11, 4) (3,1) (12, 4) 
One spectra removed for being an 
outlier 
BLGR male crown (11, 4) (3,1) (12, 4) 
One spectra removed for being an 
outlier 
BLGR male tail (12, 4) (3,1) (12, 4)  
MOBL male back (12, 4) (3,1) (12, 4)  
MOBL male chest (12, 4) (3,1) (12, 4)  
MOBL male crown (12, 4) (3,1) (12, 4)  
MOBL male wing (12, 4) (3,1) (12, 4)  
WETA female back (9, 3) (3,1) (9, 3)  
WETA female chest (9, 3) (3,1) (9, 3)  
WETA female crown (9, 3) (3,1) (9, 3)  
WETA male back (12, 4) (3,1) (12, 4)  
WETA male chest (12, 4) (3,1) (12, 4)  
WETA male crown (11, 4) (3,1) (12, 4) 
One spectra removed for being an 
outlier 
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Table 2.3: Variance accounted for by PC1, PC2, and PC3 for each PCA. 
 Bird Field guide RGB 
PC1 0.7074 0.7763 0.7618 
PC2 0.2262 0.161 0.1862 
PC3 0.0502 0.0556 0.0520 
Total 0.9838 0.9929 1.0000 
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CHAPTER 3 – USING VISUAL MODELS TO EVALUATE ANTHROPOCENTRIC 
REPRESENTATIONS OF AVIAN PLUMAGE FROM AVIAN AND HUMAN 
PERSPECTIVES 
ABSTRACT 
 Anthropocentric means for expressing animal coloration are thought to be flawed as they 
mimic the human visual system. Reflectance spectra derived from printed media are often 
different from the actual object being represented. In the case of field guide images, the actual 
organisms being represented (birds in the present case) are successively distorted as the image 
under goes several layers of human subjective filtering. The bird’s coloration is (a) perceived by 
an artist through their human visual system, (b) painted using paints mixed to be pleasing to 
humans, and then (c) printed in a guide using black, cyan, magenta, and yellow inks. The 
expectation is that the resulting reflectance spectra will differ from the original but will still 
stimulate human cone cells in a manner that creates the same approximate appearance to the 
human visual system. The expectation is also that the filtering should create a large, more 
noticeable difference to non-human animals whose visual system properties differ from that of 
humans. In this study, we test these predictions by comparing the reflectance spectra of the 
plumage of actual birds to the corresponding field guide images within visual detection models 
developed for birds and for humans. For each visual system, we compared the just-noticeable 
differences (JNDs) between corresponding spectra from the actual birds and field guide 
representations. To our surprise, we found that the JNDs were larger for the human visual system 
than for the bird visual systems. We discuss the possible mechanisms creating this pattern. 
 
BACKGROUND 
46 
 Studying perception is a difficult task, which is further complicated by our difficulty in 
disentangling ourselves from our own perception. In trying to do so and imagine another’s 
perception, we may find ourselves contemplating philosophical questions like: “is your red the 
same as my red?” These kōans may sound ridiculous but strike at the question of if our research 
is actually addressing our questions and supporting our conclusions on perceptual systems 
beyond our own. Or as John Dane (1907) stated, “To learn what a bee actually sees has been 
thought impossible since it requires that one should possess the nervous system of an insect and 
still remain a man.” This problem becomes more complex when studying a visual system that is 
significantly different (e.g. having more photoreceptor classes) from our own.  
 In spite of all the limitations on our ability to study and imagine other perceptual systems, 
the drive to understand, conceptualize, and explore how others might see appears a strong motif 
in storytelling and science. Media examples range from colors invisible to the human eye, like 
octarine, the eighth color (described as “a kind of greenish-purple”) from Terry Pratchett’s 
Discworld series, to every gimmick used on monster-of-the-week shows when viewing a scene 
from the monster’s perspective: distorted colors, soft focus, tunnel vision, fuzzy monochromatic 
vision, slowed framerate, etc. And who can forget all the shows and movies that have utilized the 
compound fly eye effect? Even though each facet would not form its own image, but would be a 
pixel in the larger image.  
 The complex layers of information that shape our perception, including culture, and our 
difficulty in separating ourselves from our own perception has haunted biological research since 
color was first studied. In the same 1907 paper where John Dane gave us his sagely wisdom on 
our limitations of understanding bee perception, he failed to appreciate the impact of cultural 
development on the use of color words in ancient literatures, instead trying to attribute the word 
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differences to physiological development of the perceptual system. In a 1937 paper, Frank 
Brown, Jr. stated that, “the vision of light-adapted bass would more closely resemble that of a 
human being with perfectly normal color vision, looking through a pair of yellowish glasses.” 
Bass actually have a two-cone visual system (Stanis et al., unpublished), but Brown’s extensive 
efforts to place bass vision and perception into a human context displays the scientific cultural 
resistance of the time to separating oneself from one’s own perception. Since the 1930s, vision 
science has shifted to more quantitative data and a greater awareness of our perceptual 
limitations. Yet, there has been a trend of using the human visual system and anthropocentric 
methods, like field guides, to study coloration (e.g. Berv & Prum, 2014; Caro et al., 2012; Chen 
et al., 2012; Chen et al., 2013; Dolman & Stuart-Fox, 2010; Stuart-Fox & Ord, 2004; Stuart-Fox 
& Owens, 2003; Stuart-Fox et al., 2004; Östman & Stuart-Fox, 2011) even when these methods 
do not reproduce the correct colors for the visual system being studied (often birds).  
 Color is a perceptual construction and not a physical property of an object (Endler, 1978, 
1990). This is not to say that color and perception are frivolous subjects of study; to the contrary, 
understanding how, under various lighting conditions, wavelengths are clustered into distinct and 
meaningful groups by an organism which then uses those groups to interact with its environment 
can shine light on a plethora of behaviors and the evolution of many traits. But human perception 
and cultural background can greatly complicate the study of perception and color. 
 While knowing exactly how others perceive a stimulus is impossible, we can take steps to 
understand the patterns of their perception including using visuals models and behavioral studies. 
By using physiological measures of cone cell sensitivities, cornea transmission, etc., we can 
build models of how light will activate photoreceptors of other organisms. These activation 
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values can then be used along with cone cell ratios to estimate the color distance between two 
patches. This indicates if the two patches would be distinguishable as different hues or not.  
 In this study, we build on the analysis from chapter 2, which looked for spectral pattern 
differences between field guide images of birds and actual birds. In chapter 2, we found that 
when looking at the spectral pattern, field guides do well representing red elements, decently 
representing yellow elements, and poorly representing blue elements. In this study we explore if 
birds would be able to tell a difference between field guide images and actual birds or not. This 
is not meant to be a literal test of what a bird would see, but rather an evaluation of if important 
information is being excluded when created anthropocentric representations of coloration, like 
field guides. In other words, this is a test of if artistic representations, and by extension our 
vision, are capturing color information that is important to other organisms. From our previous 
study, we expect that the birds will have the easiest time telling the difference between blue 
patches, less so with yellow patches, and will struggle with telling red patches apart the most. 
 
METHODS 
 For this analysis, we compared how corresponding patches from actual birds and field 
guide images of those birds would appear to birds with UV-sensitive and violet-sensitive visual 
systems and to humans. Ultimately this research hopes to address whether field guide images are 
an appropriate tool for various types of coloration research. We used the “pavo” package (Maia 
et al, 2013) for R (version 3.0.1) for generating the visual models. 
 
Reflectance Measurements of Actual Birds and Field Guide Images 
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 The data set of reflectance measurements for actual birds and field guide images from 
chapter 2 was used for this study. See chapter 2 for complete methods; briefly, preserved 
specimens from the Illinois Natural History Survey (INHS) at the University of Illinois at 
Urbana-Champaign (UIUC) and the John Wesley Powell-Dale Birkenholz Natural History 
Collections at Illinois State University (ISU) were sampled. Species were selected based on 
accessibility in the INHS and ISU collections and their color patches as seen by humans (see 
chapter 2). We pooled the sexes for species with minimal sexual dimorphism. We measured at 
least three individuals per sex per species (when sexes were distinct). We also measured 
reflectance spectra of the corresponding color patches from the National Geographic Field 
Guide to the Birds of North America (Dunn & Alderfer, 2011). We took three reflectance 
measurements for each color element from each species and for each sex when appropriate.  
 Reflectance spectra were measured using an Ocean Optics USB4000 spectrophotometer 
with an Ocean Optics PX-2 pulsed xenon light source and an Ocean Optics R200-7 reflection 
probe (Dunnedin, FL). A Spectralon white standard (WS-1-SL) was used to calibrate the 
spectrophotometer. All readings were taken with the reflectance probe held at a 45° angle via a 
probe holder (Ocean Optics, RPH-1) placed flat against the surface of the birds or on the images 
within the field guides. 
 
Modeling Visual Systems  
 The R package “pavo” was used to organize and analyze the spectral data collected from 
the actual birds and the field guide images. The repeated measures for each patch for each 
individual bird or field guide image was averaged together. These averaged spectra were then 
entered into three different visual models: a human visual model and models for birds that have 
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UV cones or violet cones (from now on referred to the UV-sensitive and violet-sensitive 
models). The visual models were generated using the “vismodel” function from “pavo”. 
 The visual models are based on the work of Vorobyev & Osorio (1998) and Vorobyev et 
al. (1998). The models assume that (a) noise in the photoreceptor, and not opponent processes, 
determines color thresholds; (b) achromatic brightness does not affect color determination; and 
(c) that color is coded as a vector that is one value shorter than the number of photoreceptor 
classes (Vorobyev & Osorio, 1998). Furthermore, the models assume that photoreceptors adapt 
independently to the background according to von Kries’ coefficient law (which gives a means 
for color constancy) and that the Weber-Fechner law is valid for this model (Vorobyev et al., 
1998). The Weber-Fechner law states that the just-noticeable difference (JND) between two 
stimuli is proportional to the magnitude of the stimuli (i.e. that a larger difference between 
stimuli of greater magnitude is needed to discriminate them compared to stimuli of lesser 
magnitude) and that perceptual differences scale in a logarithmic fashion. 
 Following the above assumptions, the visual models used cone sensitivity and oil droplet 
(or ocular media) filtering values to calculate photon catches for each photoreceptor class for a 
color on a uniform, achromatic background under a giving light condition. For all visual models, 
the illumination was set to ‘bluesky’ to simulate a field setting and the models were set to return 
absolute, rather than relative, quantum catches to work best with the color distance calculator. 
Otherwise the defaults for “vismodel” were used.  
 For the human model, human cone sensitivities were taken from Stockman et al (1993), 
ocular media transmission was taken from Norren & Vos (1974), beta peaks were excluded, and 
a sensitivity range of 390 to 700nm was used. The sum of the outputs from the medium and long 
wavelength cones were used as an estimation of achromatic sensitivity. For the UV-sensitive 
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model, the build-in wavelength sensitivities of the “average” UV-sensitive species were used 
along with the blue tit (Cyanistes caeruleus) double cone for achromatic estimation. For the 
violet-sensitive model, the build-in wavelength sensitivities of the “average” violet-sensitive 
species were used along with the chicken (Gallus gallus) double cone for achromatic estimation. 
For both avian models, a visual range of 300 to 700nm was used. 
 
Data Analysis 
 Chromatic and achromatic contrasts between the patches of each actual bird and the field 
guide were calculated using the “coldist” function in “pavo” which returns the contrasts in units 
of just-noticeable difference (JND) for each model. Chromatic contrasts are the distance between 
two colors in a color space. In general terms, a chromatic contrast is calculated as the difference 
in photon catch between photoreceptors divided by the inverse of the signal-to-noise ratio (see 
Vorobyev et al., 1998 for equations). For both avian models, the built-in blue tit cone ratio 
(1:2:2:4) was used, while for the human model, 1S:16M:32L (from Walraven, 1974 and 
Vorobyev & Osorio, 1998) was used.  
 The chromatic and achromatic contrast for each patch were averaged and standard errors 
were calculated. Color elements were divided into general, anthropocentric color classes (red, 
yellow, blue, and neutral) for comparison. Elements that did not easily fit into these color classes 
(e.g. gray-reds, brownish blues, browns, etc) were excluded for simplicity; the neutral group 
included whites, gray, and black elements. Two contrast thresholds were used. Any patches 
whose contrast was less than 1 JND were considered to be indistinguishable to that visual model. 
Any contrast between 1 JND and 4 JND was considered to indicate low discriminability for that 
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visual model (Siddiqi et al., 2004). The chromatic contrasts for the color classes were compared 
between the three models. 
 
RESULTS 
 For all three visual models, almost all of the chromatic and achromatic comparisons 
between the actual birds and the field guides were distinguishable (differences greater than 1 
JND), but there were patterns in the chromatic contrasts between the models and color element 
classes which are discussed below. While there were more achromatic contrasts that fell into the 
low discriminability range (1 JND to 4 JND), we will not focus on achromatic contrasts in this 
study as our main focus is color discrimination. This is in keeping with Vorobyev & Osorio’s 
(1998) model, as we are considering that achromatic brightness does not affect color 
determination. For those interested, the graphs of achromatic distance are still presented in 
figures 3.1 through 3.4.  
 The color distances for neutral elements (figure 3.5) had the most comparisons in the low 
discriminability range (1 JND to 4 JND). All of these comparisons were from the avian models 
with the violet-sensitive model having a few more than the UV-sensitive model. Additionally, in 
both of the avian models, the white chest of actual red-headed woodpeckers was found to be 
indiscriminable (below 1 JND) from the same patch in the field guide. (The only other 
comparison that returned a chromatic distance less than 1 JND was for the yellow-gray back of 
the female western tanager for the violet sensitive model.) All chromatic distances for neutral 
elements in the human model were above 4 JND, higher than those for either avian, and had 
higher error than the other two models. 
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 For most color classes the human model showed the highest chromatic distances (well 
above those of the two avian models for the most part) with the UV-sensitive model usually 
being higher than the violet-sensitive model. However, in the case of red elements (figure 3.6), 
the violet-sensitive had an advantage over the UV-sensitive model in discriminating the 
differences. Red elements had some of the lowest chromatic differences (close to 2 JND) and 
thus some comparisons falling into the low discriminability range, but had similar errors 
compared to yellow and blue elements. For the human model, chromatic contrasts for red 
elements were more consistent between elements but were also higher (averages close to 12 
JND) compared to the avian models. 
 Yellow elements followed the general pattern for chromatic distances but with a wider 
range of standard errors between comparisons. For the UV-sensitive and violet-sensitive models, 
the chromatic distances for yellow elements were all under 10 JND and 8 JND, respectively (this 
is the lowest for any color; figure 3.7). For the human model, there was much less consistency 
between the chromatic contrasts of yellow elements and the contrasts were higher (all mean 
contrasts being greater than 8 JND). 
 Blue color elements were the most consistent and had lower contrasts (except for three 
outliers in the violet-sensitive visual model) for all three models (figure 3.8). Most of the blue 
color elements were between, 4 and 6 JNDs, 5 and 9 JNDs, and 6 and 10 JNDs in the violet-
sensitive, UV-sensitive, and human visual models, respectively. The human model had slightly 
larger errors than the avian models. The violet-sensitive model had a fair number of comparisons 
that reached into the low discriminability range. 
 
DISCUSSION 
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 The two avian models suggest that practically none of the color elements from the field 
guide would be confusable in color with the actual bird. This was not completely surprising as 
we expected both four cone systems to be more accurate in parsing similar colors. But the color 
element pattern we expected (blue elements being more obviously different than red or yellow 
elements) did not appear. Most of the comparisons that were found to have low discriminability 
were neutral elements. This makes sense as these elements have very broad reflectance spectra 
which are hard to not approximate decently.  
 The UV-sensitive model was better able to discriminate blue elements while the violet-
sensitive model had a smaller advantage in discriminating red elements. The UV-sensitive 
model’s advantage in discriminating blue elements is most likely due to the UV-sensitive 
model’s higher sensitivity to differences in UV wavelengths (compared to the violet-sensitive 
model) which are larger for blue elements. The violet-sensitive model may notice a larger 
difference in red elements due to the magenta ink used in the red elements having more variation 
in violet and blue wavelengths which the violet-sensitive model has an advantage in 
discriminating.  
 The most surprising result of this study is the chromatic contrasts for the human visual 
model being higher than those for the avian models. This is unexpected as the field guide images 
were created for our visual system and, presumably, to be as similar as possible to the actual 
birds in our sight. There is higher variation in the chromatic distance for the human model which 
indicates that the human visual model is detecting greater differences between birds of the same 
species than the avian models detected. This seems odd as it might be expected that birds would 
be better adapted to distinguish among conspecifics than we are. 
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 The models used in this study simulate the quantum catch for the cone cells with given 
sensitivities after the appropriate levels of filtering (from oil droplets or ocular media). The color 
distances were then calculated using simple opponent processing rules. In essences, these models 
are only simulating the simplest information retinal ganglion cells would send to the visual 
centers of the brain. Higher order visual processing could be playing a major role by increasing 
or decreasing the distinctiveness of a patch for an actual bird and the corresponding patch in a 
field guide. Additionally, these models assume bright daylight illumination and a uniform 
background which may be overly idealist for the conditions a bird might be viewed.  
 Regional variation within species along with the region where specimen examples were 
selected from to be the basis of the image in the field guide could play a role in the general 
differences seen by all three models. 
 While higher order processing may further modify the distinctiveness and 
discriminability between field guide images and actual birds, this study suggests that using field 
guides as a literal example of bird coloration is a poor choice for research. Although chapter 2 
showed that red and yellow color elements from field guides display the same general spectral 
trends as actual birds, this study indicates that there are potentially noticeable differences 
between the two. 
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FIGURES 
 
 
Figure 3.1: The achromatic distance for neutral elements reported in just-noticeable differences 
(JNDs). The human visual model is in black, the UV-sensitive avian model is in blue, and the 
violet-sensitive avian model is in red. Bars show standard errors.  
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Figure 3.2: The achromatic distance for select blue elements reported in just-noticeable 
differences (JNDs). The human visual model is in black, the UV-sensitive avian model is in blue, 
and the violet-sensitive avian model is in red. Bars show standard errors.  
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Figure 3.3: The achromatic distance for select red elements reported in just-noticeable 
differences (JNDs). The human visual model is in black, the UV-sensitive avian model is in blue, 
and the violet-sensitive avian model is in red. Bars show standard errors.  
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Figure 3.4: The achromatic distance for select yellow elements reported in just-noticeable 
differences (JNDs). The human visual model is in black, the UV-sensitive avian model is in blue, 
and the violet-sensitive avian model is in red. Bars show standard errors.  
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Figure 3.5: The chromatic distance for neutral elements reported in just-noticeable differences 
(JNDs). The human visual model is in black, the UV-sensitive avian model is in blue, and the 
violet-sensitive avian model is in red. Bars show standard errors.  
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Figure 3.6: The chromatic distance for select red elements reported in just-noticeable differences 
(JNDs). The human visual model is in black, the UV-sensitive avian model is in blue, and the 
violet-sensitive avian model is in red. Bars show standard errors.  
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Figure 3.7: The chromatic distance for select yellow elements reported in just-noticeable 
differences (JNDs). The human visual model is in black, the UV-sensitive avian model is in blue, 
and the violet-sensitive avian model is in red. Bars show standard errors.  
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Figure 3.8: The chromatic distance for select blue elements reported in just-noticeable 
differences (JNDs). The human visual model is in black, the UV-sensitive avian model is in blue, 
and the violet-sensitive avian model is in red. Bars show standard errors. 
